Caloric restriction (CR), the consumption of fewer calories while avoiding malnutrition, decelerates the rate of aging and the development of age-related diseases. CR has been viewed as less effective in older animals and as acting incrementally to slow or prevent age-related changes in gene expression. Here we demonstrate that CR initiated in 19-month-old mice begins within 2 months to increase the mean time to death by 42% and increase mean and maximum lifespans by 4.7 (P ‫؍‬ 0.000017) and 6.0 months (P ‫؍‬ 0.000056), respectively. The rate of age-associated mortality was decreased 3.1-fold. Between the first and second breakpoints in the CR survival curve (between 21 and 31 months of age), tumors as a cause of death decreased from 80% to 67% (P ‫؍‬ 0.012). Genome-wide microarray analysis of hepatic RNA from old control mice switched to CR for 2, 4, and 8 weeks showed a rapid and progressive shift toward the gene expression profile produced by long-term CR. This shift took place in the time frame required to induce the health and longevity effects of CR. Shifting from long-term CR to a control diet, which returns animals to the control rate of aging, reversed 90% of the gene expression effects of long-term CR within 8 weeks. These results suggest a cause-and-effect relationship between the rate of aging and the CR-associated gene expression biomarkers. Therefore, therapeutics mimicking the gene-expression biomarkers of CR may reproduce its physiological effects. C aloric restriction (CR), the consumption of fewer calories while avoiding malnutrition, is a robust method of decelerating aging and the development of age-related diseases (1). The effects of CR are conserved in nearly every species tested, perhaps including humans (2). CR delays the onset and reduces the incidence and severity of age-related diseases, including cancer (2, 3).
C
aloric restriction (CR), the consumption of fewer calories while avoiding malnutrition, is a robust method of decelerating aging and the development of age-related diseases (1) . The effects of CR are conserved in nearly every species tested, perhaps including humans (2) . CR delays the onset and reduces the incidence and severity of age-related diseases, including cancer (2, 3) .
Quantitative changes in the activity of genes can control the rate of aging and the development of age-related diseases in invertebrates and mammals (4, 5) . Numerous cross-sectional studies of the relationship between CR and gene expression have been published (6) . Almost without exception, they have been interpreted as though they were performed longitudinally. This has led to the widespread view that the major effect of CR is to prevent agerelated changes in gene expression. Funding and publication bias has reinforced this notion (6) .
We previously found that in old mice, a 4-week shift from long-term control (LT-CON) to short-term CR (ST-CR) reproduced 55% of the gene-expression changes induced by long-term CR (LT-CR; ref. 7) . ST-CR reversed Ϸ70% of the age-related changes in gene expression seemingly prevented by LT-CR (7). These results suggested for the first time that many of the gene expression changes produced by LT-CR respond rapidly to diet.
The studies described above left several important questions unanswered. First, which of the changes in gene expression are related to the health and longevity effects of CR? Further, what are the kinetics of the changes in gene expression induced by CR? Here we report the use of lifespan and genome-wide microarray studies to answer these questions. Survival studies demonstrated that CR begins to act within 2 months in older mice to reduce cancer incidence and increase time to death. These results are in contrast to the widely held belief that CR is less effective in older mice (8) . Further, during this 2-month interval, short-term CR reproduced 72% of the genomic effects of LT-CR. The results closely link the lifespan and genomic effects of CR, suggesting a cause-and-effect relationship.
Materials and Methods
Study Design. Male mice of the long-lived F 1 hybrid strain B6C3F1 were purchased (Harlan Breeders, Indianapolis). On arrival, mice were housed four per cage and fed ad libitum a nonpurified diet (no. 5001, Purina). For the survival study, 19-month-old mice were randomly assigned to control and CR groups of 60 each. Control mice were fed 93 kcal per week of chemically defined control diet (AIN-93M, Diet No. F05312, Bioserv, Frenchtown, NJ). This provides Ϸ10% fewer calories than normally are assumed to be required by a typical mouse (9) . This allows comparison of nonobese control with CR mice. CR was introduced by reducing calories to 77 kcal per week of chemically defined CR diet for 2 weeks, followed by 52.2 kcal per week of CR diet thereafter (AIN-93M 40% Restricted, Diet No. F05314, Bioserv). Defined diets were cold packed into 1-g pellets. Mice were checked daily and weighed monthly. Necropsies were performed to determine the cause of death and incidence of tumors. For gene expression studies, the mice were Ϸ34 months of age when killed. Beginning at 7 months of age, the mice were randomly assigned to LT-CON or LT-CR groups (Fig. 3 , which is published as supporting information on the PNAS web site). LT-CON mice were fed 93 kcal per week of control diet. LT-CR mice were reduced to 52.2 kcal per week of CR diet as described above. The CR2 group were LT-CON mice fed 77 kcal of CR diet for 1 week and 52.2 kcal for another week. The CR4 and CR8 groups were LT-CON mice switched to 77 kcal of CR diet per week for 2 weeks and 52.2 kcal per week for 2 and 6 weeks, respectively. The CON8 group was LT-CR mice fed 93 kcal of control diet per week for 8 weeks. For the LT-CON, CON8, and CR8 groups, n ϭ 4. For the LT-CR, CR2, and CR4 groups, n ϭ 3. Mice were fasted 24 h, killed, and their livers excised as described (7) . No signs of pathology were detected in any of the animals used. At 9:00 a.m., mice were fed two-sevenths of the weekly allotment of food on Monday and Wednesday and three-sevenths on Friday. Mice were given acidified water ad libitum and maintained at 20-24°C and 50-60% humidity with lights on from 6:00 a.m. to 6:00 p.m. All animal use protocols were approved by the Institutional Animal Use Committee of the University of California, Riverside.
Statistical Analysis of Survival Data. Parametric survival analyses were performed assuming the data followed a normal survival distribution. The observed data were used to estimate the survival function. A change-point regression analysis was performed to find the breakpoints. A failure-time distribution analysis was used to calculate mean and maximum (average age of the last decile of survivors) lifespans. Mortality, tumors, and percent of liver tumors were analyzed by using a two-sample Student t test.
Measurement of Specific mRNA Levels. Liver total RNA was isolated and gene expression quantified by using Affymetrix Mu11K sets A and B oligonucleotide arrays according to standard Affymetrix protocols (Affymetrix, Santa Clara, CA; ref.
7).
Affymetrix Data Reduction and Analysis. Analyses of the array images and data quantification were performed with Affymetrix MICRO-ARRAY SUITE 5.0 by using default parameters (10) . Only transcripts ''Present'' with a signal intensity above the median in at least 75% of the arrays per experimental group were considered for further analysis. Differentially expressed genes were identified using pairwise comparison between the LT-CON and the other groups. Genes were further considered if 75% of the change calls were the same. An average change of 1.5-fold or greater was considered significant. These criteria reliably identified changed genes that were verified by quantitative PCR (qPCR). Gene names were from the LocusLink and UniGene databases as of April 20, 2003. Microarray Data Validation by qPCR. The expression of nine genes was examined by qPCR (11) . Real-time two-step RT-PCR was performed with a QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany) and an ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Primers were designed by using the Netaffx analysis center (Affymetrix) and PCR products sequenced and verified against the public databases (Table 4 , which is published as supporting information on the PNAS web site). Primers for transcription elongation factor A (SII) 1 were amplified in parallel with the gene of interest as a control. This mRNA is unaffected by CR (12) . Amplification specificity was confirmed by melting curve analysis and agarose gel electrophoresis.
Results
Rapid Effects of CR on Survival. We investigated the hypothesis that the health and lifespan effects of CR are induced rapidly after the initiation of the diet. Control mice were shifted to 40% CR at 19 months of age, a few months before the onset of age-accelerated mortality ( Fig. 1 ). Linear regression and breakpoint analysis showed that between 21 and 31 months of age, newly initiated CR decreased the rate of age-associated mortality 3.1-fold (P Ͻ 0.001).
Beginning at the first breakpoint, Ϸ2 months after initiation of the CR diet, the mean time to death increased from 11.8 Ϯ 0.7 (SE) to 16.8 Ϯ 1.2 months (SE; P ϭ 0.004), a 42% increase. LT-CR initiated after weaning extends the lifespan of this mouse genotype by Ϸ40% (13). After the second breakpoint in the CR survival curve (31 months of age), the mortality rate approximated that of the control mice, but the survival curve was shifted to the right by 4.7 months. CR extended mean lifespan from 30.7 Ϯ 0.7 (SE) to 35.4 Ϯ 0.8 months (P ϭ 0.000017) and extended maximum lifespan from 37.6 to 43.6 months (P ϭ 0.000056). Because CR was initiated Ϸ2 months before the age-associated mortality breakpoint in the survival curve, 2 months is the minimum time that could have been detected for development of the health and longevity effects of CR.
Rapid Effects of CR on Carcinogenesis. Both CR and control mice died primarily of tumors, mainly adenomas or carcinomas of the liver or lung. From 21 to 31 months of age, between the first and second breakpoints, 33 control and 10 CR mice died (P ϭ 0.003). Eighty percent of the control and 67% of the CR that died during this time had large tumors (P ϭ 0.012). Sixty-five percent of the control mice and 44% of the CR mice had liver tumors (P ϭ 0.006). However, the total number of mice that died with tumors by the end of the study was approximately the same for the control and CR groups (89.3% and 90.6%, respectively). Thus, CR initiated late in life had no effect on overall tumor incidence, but it delayed the onset and͞or growth of tumors and extended average and maximum lifespan.
As shown above, the liver is a major target of the anticancer effects of CR (14, 15) . Breakpoint analysis indicated that the beneficial health and lifespan effects of CR developed within 2 months of initiating the diet (Fig. 1) . For these reasons, we focused genome-wide microarray studies on liver gene expression during this interval. Affymetrix microarrays containing probe sets for 12,422 mouse transcription units were used to interrogate hepatic RNA purified from old mice shifted from LT-CON to CR for 2, 4, and 8 weeks (CR2, CR4, and CR8, respectively) and from LT-CR to control feeding for 8 weeks (CON8; Figs. 2 and 3 ).
Rapid Genomic Effects of CR.
Reliable signals for 2,194 transcripts were obtained after data reduction. LT-CR altered the expression of 123 of these transcripts (6% of the reliably reporting probe sets; Tables 1-3 ). The kinetics with which the LT-CR gene expression profile developed are shown in Fig. 2 . The CR responsive genes were classified into three categories based on their kinetic behavior. The early genes changed expression after 4 weeks of CR (71 genes, 58% of the LT-CR-responsive genes). Most of the early genes responded within 2 weeks (61 genes; 50% of the LT-CR responsive genes). A group of 17 intermediate genes (14%) changed expression after 4-8 weeks of CR (Fig. 2 A) . A group of late genes required Ͼ8 weeks of CR to change expression (35 genes, 28% of the LT-CR responsive genes).
Most early genes, termed stables, sustained their initial CRinduced expression levels at all subsequent time points (89 genes; 72% of the total LT-CR-responsive genes; Fig. 2 A; Table 2 ). But others, termed oscillators, returned to control levels transiently before reassuming their LT-CR expression levels (34 genes; 28% of the LT-CR-responsive genes; Fig. 2B and Table 3 ). It seemed possible that the kinetic behavior of the oscillators arose because some genes did not pass the criteria used for data reduction at one or more time points, even though their gene expression levels were actually altered relative to control. To investigate this possibility, the expression data and data reduction were examined for each oscillator at every time point. In no case did the return to control expression levels appear equivocal. In addition, the expression of four oscillators was examined by using qPCR at the CR2, CR4, CR8, and LT-CR timepoints. In every case, the relative gene expression levels and the kinetic behavior were replicated (Fig. 4 A-D, which is published as supporting information on the PNAS web site). These data indicate that the gene expression patterns found represent the true responses of the genes to CR.
To further ensure that data reduction had produced a low false discovery rate, the expression level of five additional randomly chosen genes was determined by using qPCR. Expression measurements using the same RNA from control and LT-CR mice produced equivalent results with both measurement techniques (Fig.  4E) . Therefore, the microarray quantification of nine tested genes was verified as to direction and fold change using qPCR for 21 independent measurements of gene expression. These results suggest that data reduction was reliable and resulted in a false discovery rate of Ͻ5%.
It is widely held that the effects of CR dissipate after a return to control caloric intake (16) . However, we know of no studies of the transition from the CR to the control state. In the CON8 mice, 110 of the 123 LT-CR responsive transcripts returned to control expression levels in 8 weeks (90%; Fig. 2, CON8 ). All of the late genes shifted back to control expression in 8 weeks, indicating that they respond readily to caloric intake. These results demonstrate that the expression of all of the LT-CR responsive genes was readily responsive to shifts in dietary state.
Discussion
Here we investigated the widespread belief that a major mechanism of action of CR is to resist incremental age-related changes in gene expression that are deleterious to health and lifespan. Survival and high-density microarray studies revealed that CR acts rapidly after it is initiated to establish a pattern of hepatic gene expression associated in long-term CR mice with enhanced lifespan and reduced tumor incidence. The close temporal linkage between the initiation of the beneficial physiological effects of CR and its genomic effects suggests a cause-and-effect relationship between them.
CR Initiated in Older Animals. The effects of CR on lifespan appeared to be biphasic. Between the first and second breakpoints (from 21 to 31 months of age), CR decelerated the mortality rate and the incidence of cancer as a cause of death. Most notably, breakpoint analysis indicated that this deceleration began after only 2 months of CR. After the second breakpoint in the CR survival curve (after 31 months of age), the mortality rate and the incidence of cancer as a cause of death approximated that of control mice, although mean and maximum lifespans were significantly increased. These results suggest that the major effect of CR initiated later in life is to slow the rate of aging and delay the onset and͞or progression of cancer. The kinetics of the survival curves are most consistent with a reduction in the rate of tumor growth. A similar effect of CR on lifespan was recently reported in Drosophila, where mortality rate was rapidly reduced by CR introduced at any age (17) .
Our results are in contrast to those of Forster et al. (8) , who found that late-life CR had no effect on mouse lifespan (8) . However, the abrupt initiation of CR in their study and possible nutritional inadequacy in some CR groups, as indicated by the weights of the mice, may account for their results (1). Others did not observe lifespan extension in older rats (18) . However, there was no positive control group in this study. Therefore, there was no evidence that the CR protocol and animal husbandry used were effective at extending lifespan.
Kinetic Behavior of the Genes. The CR-responsive genes were grouped into functional classes (Tables 1-3 ). Functional gene categories did not appear to be differentially represented among the early, intermediate, and late genes or among the kinetic categories of oscillators and stables. These results are consistent with the idea that both kinetic classes and every functional category of genes contribute to the longevity and health effects of CR.
Function of Genes Temporally Associated with Onset of the Antineoplastic and Lifespan Effects of CR.
The first breakpoint in the survival curve occurs 2 months after initiation of CR. The genes that change expression in this time frame are the ones most closely associated with the initiation of the life-span and antineoplastic effects of CR. These early and intermediate genes were functionally associated with metabolism; signal transduction, growth factors, immune response, inflammation, stress response, and xenobiotic metabolism. These genes and their classes are consistent with those identified previously (7, (19) (20) (21) . The metabolic genes included three urea cycle enzymes, Arg1 and As1, which are early genes, and Ass1, an intermediate gene. In combination with our previous studies, these results suggest that the enzymatic capacity for the disposal of nitrogen derived from increased protein degradation for energy generation in the liver and extrahepatic tissues is among the earliest responses to CR (7, 19, 20, 22) . Consistent with this idea, Gnmt and Ahcy, which catalyze key steps in methionine degradation, were intermediate stables. The key gating enzymes of gluconeogenesis, Pck1 and G6pc, were early oscillators. In addition, several late genes are involved in amino acid degradation to provide substrates for gluconeogenesis (Ctsl, Pah, Oat, Hpgd, and Hal). Together, the results are consistent with other data suggesting that CR induces a rapid increase in the enzymatic capacity for mobilization of hepatic and extrahepatic protein for energy generation and the transfer of carbon and nitrogen to the liver for gluconeogenesis and disposal, respectively (19, 20, (22) (23) (24) (25) .
Lipid metabolism was also rapidly altered by CR. Key genes required for lipid biosynthesis and metabolism were downregulated early after the initiation of CR (Acat1, Facl2, Fabp1, Lipc, and Scd1). CR increased the expression of the early stable Apo B-100, a major component of low-density lipoprotein and very low-density lipoproteins. This change is consistent with its role in the distribution of hepatic lipid to other tissues for use as fuel. Together, these metabolic effects are consistent with the decreased serum triglycerides in CR rodents (26) .
CR rapidly altered the expression of genes associated with cellular growth and proliferation. Ttr, the major thyroid hormone carrier protein in rodents, and Thra1, a widely distributed T 3 receptor important for maintenance of heart rate and body tem- perature, were early changers (27) . In other studies, we found decreased expression of iodothyronine deiodinase type I in CR4 and LT-CR mice (7) . CR reduces serum thyroid hormone levels (28) . Reduced thyroid hormone signaling is also a feature of dwarfism in mice, which extends lifespan and reduces the onset of age-related diseases (5, 29, 30 (32) . These changes suggest that CR may enhance antiproliferative growth control soon after its initiation and increase the extent of this control with time.
The down-regulation of endoplasmic chaperone expression was another effect of CR (Table 2) . A number of major molecular chaperones of the endoplasmic reticulum were early and intermediate responsive stables (Hspa5, Grp58, DnaJB11, Calr, Canx, and Grp94). This result is in agreement with our previous results showing that the mRNA and protein levels of most hepatic endoplasmic-reticulum chaperones increase with age and decrease with CR (7, (33) (34) (35) . The linkage between caloric intake and chaperone expression may match the protein processing capacity of liver cells to the level of protein biosynthetic activity (35) . However, elevated chaperones also decrease apoptotic responsiveness to genotoxic stress through both the endoplasmic stress and the mitochondrial apoptosis signaling pathways (36, 37) . CR and fasting reduce endoplasmic reticulum chaperone levels and enhance apoptosis in liver and other cycling cell types, perhaps accounting for their anticancer benefits (21, 35, 38, 39) . Importantly, CR appears to induce chaperone expression in nondividing cell types such as neurons, apparently enhancing their survival after stress (40) .
CR rapidly enhanced the expression of Cyp2b9 and Cyp2b13, cytochromes involved in oxidation of fatty acids, xenobiotics, and steroids, including testosterone. Testosterone negatively regulates their expression (41) . The decreased testosterone levels in CR mice may account for their induction, which may further decrease the level of the active steroid. CR induced Gstm2 mRNA, which codes for one of two subunits of an enzyme that detoxifies compounds such as the breakdown products of lipid peroxidation, DNA hydroperoxides, electrophilic xenobiotics, and reactive intermediates formed during their biotransformation (42) .
Conclusion
We have presented three previously undescribed results. First, CR begun relatively late in the lifespan of mice was as effective as CR begun early in life at decelerating mortality rate, extending remaining lifespan, and delaying the onset and͞or progression of cancer as a cause of death. Second, CR appeared to act rapidly to induce these benefits. The deceleration of aging and reduction in cancer mortality began after 2 months of CR. These results suggest that CR may be more proactive in its effects than previously thought. Finally, the initiation of the health and longevity effects of CR coincided with the induction of 72% of the LT-CR-related genomic profile. Ninety percent of the effects of LT-CR were rapidly reversed by control feeding. Thus, the rapid genomic effects of CR may be causally linked to its beneficial physiological effects. These results increase the likelihood that therapies mimicking the rapid gene expression biomarkers of CR will be effective at inducing its beneficial physiological effects.
We thank BioMarker Pharmaceuticals and the Life Extension Foundation for unrestricted gifts in support of this research.
